Microstructure of GaAs films grown by molecular-beam epitaxy at low temperature and delta doped with Sb was studied by transmission electron microscopy. The material contained 0.5 at. % excess of arsenic that precipitated during post growth anneals. The Sb ␦ doping was found to strongly affect the microstructure of precipitates ͑clusters͒ and their ripening rate upon annealing. Segregation of Sb impurity in the clusters was revealed. In contrast to the well known pure As clusters, the As-Sb clusters induced strong local deformations in the surrounding GaAs matrix. Until a threshold diameter of 7-8 nm the clusters and surrounding matrix were coherently strained. Larger clusters were associated with dislocation loops of interstitial type. The cluster-loop orientation relationships were determined. Relaxation of local strains by formation of the dislocation loops was studied both experimentally and theoretically. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1426691͔ While stoichiometric GaAs films can be grown by molecular-beam epitaxy ͑MBE͒ at optimal (ϳ600°C) substrate temperature, the films grown at low temperature (ϳ200°C) contain very high arsenic excess, which is combined with perfect crystalline structure.
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While stoichiometric GaAs films can be grown by molecular-beam epitaxy ͑MBE͒ at optimal (ϳ600°C) substrate temperature, the films grown at low temperature (ϳ200°C) contain very high arsenic excess, which is combined with perfect crystalline structure. 1 The excess arsenic precipitates upon postgrowth anneals, so that a system of nanoscale As clusters appears in the crystalline GaAs matrix. Thus obtained material ͑LT GaAs͒ has attracted much attention due to ultrashort carrier lifetime and excellent electrical insulation properties. 2 It is well documented [3] [4] [5] that the As clusters induce rather low strains in the surrounding GaAs matrix. On the one hand, this enables production of different clustercontaining structures without extended defects, such as dislocations, stacking faults, etc. On the other hand, weak deformation fields limit interaction and self-ordering processes in the cluster system. Nonuniform doping with In, Al, Be, or Si impurities can be employed to modify spatial distribution of the As clusters in the LT GaAs films. [6] [7] [8] The use of these impurities does not change the cluster microstructure and keeps the matching condition between the clusters and surrounding matrix. A different situation has been observed recently 9 when ␦ doping with Sb was employed in order to produce two-dimensional sheets of As clusters in the LT GaAs. Strong local strain has been revealed around the clusters accumulated at the Sb ␦ layers.
In this letter we elucidate the origin of the clusterinduced stresses in Sb-doped LT GaAs and consider the relaxation that occurs by formation of specific dislocation loops.
The LT GaAs films ␦ doped with Sb were grown by MBE at 200°C in a dual-chamber ''Katun'' MBE system on semi-insulating 2-in. GaAs ͑001͒ substrates. The growth procedure was described in more detail elsewhere. 9 The Sb content in the ␦ layers corresponded to the nominal layer thickness of 1.5 monolayers ͑ML͒. The distance between Sb ␦ layers was 30 nm. The arsenic excess as high as 0.5 at. % was documented using near-infrared optical absorption in all the as-grown films. The samples were cleaved into several parts, of which one was kept as-grown, and the others were annealed at 500 and 600°C for 15 min under As overpressure. Conventional and high-resolution transmission electron microscopy ͑TEM and HREM͒ were employed to study atomic microstructure before and after annealing. The TEM study revealed perfect crystalline structure without dislocations or any other extended defects or clusters in the asgrown samples. The Sb-containing layers observed by HREM were as thick as 4 ML with abrupt planar interfaces.
Precipitates accumulated at the Sb ␦ layers and associated with dislocation loops were detected by TEM in the annealed samples ͑Fig. 1͒. The cluster microstructure was identified to be rhombohedral being commonly described as hexagonal with c axis along the ͗111͘ direction in the GaAs matrix. 4, 5 When larger than 8 nm in diameter, the precipitates demonstrated pronounced Moiré fringes perpendicular to the diffraction vector gϭ͓220͔ ͑Fig. 1͒. The period of Moiré patterns was found to be about 4 nm. This value is considerably larger than that reported previously for the As clusters in conventional LT GaAs. 4, 5 The extended Moiré period indicates that with Sb doping the distance between (210)-precipitate planes becomes larger and closer to the distance between ͑220͒-matrix planes. The enlargement can a͒ Electronic mail: chald@gvg.ioffe.rssi.ru APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 3 21 JANUARY 2002 be attributed to Sb segregation in the As clusters. Using Vegard's rule the Sb content in the clusters can be estimated as 20-30 at. %. This estimate was supported by energy dispersive x-ray ͑EDX͒ microanalysis performed locally by means of TEM. Thus, a strong Sb segregation has been revealed in the As clusters, while the average Sb content in the LT GaAs films was as low as ϳ1 at. %. The strong Sb segregation observed seems to be a result of the phase equilibrium in the Sb-As-Ga system. 10 Whereas Sb incorporation improves the matching conditions for the (210)-precipitate and ͑220͒-matrix planes, it should considerably enhance the mismatch in the perpendicular direction, i.e., along the c axis of the cluster and ͓111͔ direction of the matrix. As a result, the precipitates should induce strong anisotropic stresses.
The unusual specific feature of the large precipitates in Sb-doped LT GaAs is an additional TEM contrast with a ring shape in the plan-view ͑001͒ projection ͓Fig. 1͑a͔͒. The origin of this contrast is a dislocation loop attached to each large cluster. It should be noted that such dislocation loops have never previously been observed in Sb-free LT GaAs. [3] [4] [5] All the dislocation loops observed in the Sb-doped LT GaAs films lay on ͑001͒ planes, i.e., they extended along the Sb delta layers. The centers of the loops were located in one of two orthogonal ͗110͘ directions in respect to the clusters with which they were associated.
The orientation of the dislocation loop Burgers vector was determined by TEM image analysis under strong twobeam diffraction conditions. Two TEM micrographs in Figs. 1͑b͒ and 1͑c͒ were obtained for the same loop, but with different diffraction vectors g 1 ϭ͓220͔ and g 2 ϭ͓040͔. Taking into account the g"bϭ0 and g""bÃu…ϭ0 cancellation rules 11 ͑the u vector is oriented along the dislocation line͒ one can conclude that the Burgers vector of the dislocation loop b should be normal to the loop plane and directed along the ͓001͔ axis. Using the Ϯg bright and dark field imaging technique 12 the loops were proved to be of interstitial type. The important orientation relationships for a cluster associated with a dislocation loop are schematically shown in Fig.  2 .
In addition to the large clusters, small clusters can be also seen in Fig. 1͑a͒ , which are not associated with dislocation loops. The threshold cluster diameter for the loop formation is 7-8 nm. A correlation between the cluster diameter and loop diameter is shown in Fig. 3 , where the TEM data for the Sb-doped LT GaAs samples annealed at 500 and 600°C are collected together. The obvious effect of elevating the annealing temperature consists in ripening, i.e., increasing size and decreasing density of both the clusters and dislocation loops.
Since the cluster-loop sizes correlation is clear and reproducible we can suppose that the cluster-loop interaction plays an important role in their mutual adjustment. The interaction was considered in the following manner.
We model the cluster as a spherical inclusion with onedimensional elastic distortion along the hexagonal c axis inside the inclusion. This one-dimensional distortion can be obtained as a result of uniform deformation of the inclusion along the diameter. In the chosen geometry the Z axis lies in the direction of the elongation, as shown in Fig. 2 . Elastic fields ͑displacements, strains, and stresses͒ of the cluster can be calculated by Mura's method. 13 Applying this method we find all the components of the elastic fields in the surrounding matrix in an analytical form.
The elastic energy of the cluster-loop system includes the following components: self-elastic energy of a cluster E cl , self elastic energy of a loop E l and the energy of their interaction W. The self energy of a prismatic dislocation loop is: FIG. 2 . Sketch of a prismatic dislocation loop associated with a cluster. Direction of the distortion "Z… in the As-Sb cluster coincides with its hexagonal axis ͑c͒ and lies along ͓111͔ of zinc-blende GaAs structure. Burgers vector "b… of the loop is perpendicular to its ͑001͒ plane.
where bb is the normal stress of the inclusion in the plane of the loop, i.e., in the plane ͑001͒.
We are interested in the analysis of system energy change ⌬EϭE l ϩW as a result of dislocation loop formation. The analysis shows that in the chosen geometry there exists a critical value for the loop diameter d c , below which the energy release appears. The critical diameter is determined from the condition ⌬E(d c )ϭ0. The other important value for the dislocation loop diameter may be found from the condition of maximum energy release ⌬E(d o )ϭ⌬E min Ͻ0; we call d o the optimal loop diameter. The dependencies of d c and d o on the cluster diameter D cl were calculated for the following model parameters: bϭ0.5a GaAs ϭ0.28 nm, ϭ0.3, ϭ0.5. The theoretical curves are shown in Fig. 3 together with the experimental data.
Reasonable agreement of the experimental data and theoretical curves in Fig. 3 evidences that the interaction between the clusters and dislocation loops gives an important contribution to the total energy. Formation of the dislocation loops leads to relaxation of the local strains induced by As-Sb clusters in the GaAs matrix.
The energy release considered theoretically is necessary for nucleation of the extrinsic dislocation loops, however the process occurs only due to a strong oversaturation by As interstitials. The extremely high concentration of As interstitials in LT GaAs films ␦ doped with Sb has recently been revealed from analysis of enhanced Sb-As intermixing. 15 These point defects are also important for the high ripening rate of As-Sb clusters. 9 Formation of prismatic dislocation loops with Burgers vector bϭ 1 2 ͗001͘ has previously been reported 16 to be common to degraded III-V heterostructure lasers and lightemitting diodes. Such loops originated from condensation of point defects and were faulted at the ͗001͘ extra plane.
The study 17, 18 of the dislocation loops formed at P precipitates in Ge crystals has revealed an empiric relationship between the cluster (D cl ) and loop (d e ) diameters, which was based on the material conservation law in the clusterloop system:
where ⌬V/V is a relative misfit of the atomic volumes in the precipitate and matrix. Figure 3 shows that Eq. ͑3͒ fits the experimental data with ⌬V/Vϭ0.13 for bϭ0.56 nm and ⌬V/Vϭ0.07 for bϭ0.28 nm. These values correspond to about 40 and 20 at. % of Sb content in the As-Sb clusters and are well consistent with Moiré and EDX analyses. It should be noted that the dislocation loops are always associated with the As-Sb clusters and have never been observed alone. Contrarily, the As-Sb clusters can be produced without the loops. For that, the growth and annealing conditions should be adjusted, which should keep the mean cluster diameter as small as 4 -5 nm ͑or smaller͒, to prevent the largest clusters from reaching the loop nucleation threshold.
In conclusion, antimony ␦ doping was found to be a unique technological tool for engineering of the microstructure of nanoscale As clusters in annealed GaAs films grown by MBE at low temperature. The well-defined threshold for the loop formation is technologically important for production of either dislocation-free LT GaAs films with coherently strained As-Sb clusters or relaxed material with an adjusted set of dislocation loops. 
